Abstract. Tembusu virus (TMUV; Ntaya serocomplex) was detected in two pools of mosquitoes captured near Sangkhlaburi, Thailand, as well as from sera from sentinel ducks from the same area. Although TMUV has been isolated from several mosquito species in Asia, no studies have ever shown competent vectors for this virus. Therefore, we allowed mosquitoes captured near Sangkhlaburi to feed on young chickens that had been infected with TMUV. These mosquitoes were tested approximately 2 weeks later to determine infection, dissemination, and transmission rates. Culex vishnui developed high viral titers after feeding on TMUV-infected chicks and readily transmitted virus to naïve chickens. In contrast, Cx. fuscocephala seemed less susceptible to infection, and more importantly, zero of five fuscocephala with a disseminated infection transmitted virus by bite, indicating a salivary gland barrier. These results provide evidence for the involvement of Culex mosquitoes in the transmission of TMUV in the environment.
INTRODUCTION
In support of efforts to develop rapid nucleic acid-based diagnostic techniques for the detection of arthropod-borne pathogens, mosquitoes were collected in rice paddy farming villages throughout Kamphaeng Phet, Thailand. The field site was selected for the high incidence rate of dengue (DEN) cases, and all four serotypes of DEN virus (DENV) are endemic to the area. 1 A second field site located near Kong Mong ThaSangkhlaburi (Kanchanaburi province), Thailand, was selected for the high probability for the collection of Japanese encephalitis virus (JEV) -infected Culex spp. mosquitoes. This location was also the site of a serological study (acute and convalescent sera from humans and sera from sentinel animal) conducted by the Armed Forces Research Institute of Medical Sciences (AFRIMS), Bangkok, Thailand, in early 2002 to determine the cause of fevers of unknown origins in humans.
Previous vector surveillance studies conducted in Kamphaeng Phet in 1982 using Centers for Disease Control and Prevention (CDC) light traps identified 35 isolates of JEV, 18 isolates of Tembusu virus (TMUV), three untyped flaviviruses, three alphaviruses, and four unidentified viruses from 345,173 mosquitoes. 2 The TMUV isolates were from pools of Cx. vishnui, Cx. tritaeniorynchus, and Cx. gelidus. In 1992, TMUV was isolated from Cx. tritaeniorynchus collected in Chiang Mai, Thailand. 3 TMUV is a positive-sense single-stranded RNA virus belonging to the Ntaya virus serogroup of the Flaviviridae family, 4 and it was first isolated in Malaysia in 1955 from Cx. tritaeniorynchus (http://wwwn.cdc.gov/arbocat/cataloglisting.asp?VirusID=470). TMUV was also isolated from Cx. vishnui and Cx. vishnui subgroup mosquitoes in Malaysia in 1970 and then again in 1974. 5 Since that time, neutralizing antibodies to TMUV as well as other flaviviruses have been detected in humans sera collected in Sarawak from 1962 to 1966, Indonesia in 1977, and Borneo from 1996 to 1997. [6] [7] [8] Although antibody responses have been measured in human sera, disease attributed to this virus has not been documented in humans and may be obscured by diseases caused by DENV and JEV. However, disease (ovarian hemorrhage and hyperemia with neurological sequelae) in animals has been noted in China and Malaysia. [9] [10] [11] Here, we report the isolation of TMUV in Thailand and provide the first report of vector competence testing to show that field-caught mosquitoes can be efficient vectors for spreading the virus in Thailand and elsewhere.
MATERIALS AND METHODS
Field site location and mosquito collections. During February of 2002, mosquitoes were collected from rice paddy farming villages in the vicinity of Kamphaeng Phet (an agrarian area of 8,608 km 2 located approximately 360 km northwest of Bangkok) and Kong Mong Tha-Sangkhlaburi (an agrarian area of 19,483 km 2 located approximately 280 km west of Bangkok and 18 km from the border of Myanmar), Thailand, using animal-baited traps (primarily using pigs at Kamphaeng Phet and cows at Kong Mong Tha-Sangkhlaburi) or light traps (American Biophysics Corp., North Kingstown, RI) supplemented with carbon dioxide (dry ice). The daily arthropod collections from the light traps and the backpack-aspirated animal traps were taken to the field laboratory for processing. Mosquitoes were killed by freezing, identified to species, pooled into groups of~25 females, and tested for the presence of viral RNA by reverse transcription polymerase chain reaction (RT-PCR) as previously described 12 and using MA/ cFD2 flavivirus primers. 4 The remaining mosquito homogenate was transported on dry ice back to the US Army Medical Research Institute of Infectious Diseases (USAMRIID), Fort Detrick, MD, for additional testing and genetic sequencing. Also, live field-caught mosquitoes from Kamphaeng Phet, Thailand, from 2005 were transported back to USAMRIID, where they were provided an uninfected blood meal, and the F 1 progeny was used for vector competence testing.
Virus and virus assays. TMUV (strains Thai-MLO305 and Thai-JSL385) -positive mosquito homogenates that were detected in the field were returned to the laboratory and passed in C6/36 cells grown in Hank's minimal essential medium supplemented with 10% heat-inactivated fetal bovine serum, 100 units penicillin, and 100 μg streptomycin per 1 mL and 0.075% NaHCO 3 at 28 C in a humidified incubator. 4 plaque-forming units (PFU) per milliliter (as determined by plaque assay on Vero cell monolayer), was used to inoculate the different vectors and hosts that were used in the vector competence studies presented here. Cell culture supernatants from sentinel animal sera passed in C6/36 cells were tested by RT-PCR for the presence of flavivirus RNA, and the resulting data concerning TMUV are present here. The use of sentinel animals was part of an unrelated serological study conducted during January and February of 2002, and it was designed to determine the etiological agents causing cases of human febrile illnesses of unknown origin in Sangkhlaburi, Thailand. Data concerning the serosurvey and sentinel animals are not part of this study and will not be presented here.
Viremia profile studies. TMUV viremia profiles were determined using young leghorn chickens (Gallus gallus); 1-to 5-day-old chickens were inoculated subcutaneously with 0.1 mL diluted cell culture supernatant containing approximately 10 3 PFU TMUV strain Thai-MLO305. These chickens were bled daily from the jugular vein (0.1 mL blood into 0.9 mL heparinized diluents and 10% heat-inactivated fetal bovine serum in Medium 199 with Earle's salts [Invitrogen, Inc., Carlsbad, CA], NaHCO 3 , and antibiotics), and the blood suspensions were frozen at −70 C until tested for virus by plaque assay.
Vector competence studies. Cx. vishnui and Cx. fuscocephala mosquitoes from Thailand were allowed to feed on 2-to 4-day-old leghorn chicks that had been inoculated with 10 3 PFU TMUV strain Thai-MLO305 1-3 days earlier. Immediately after mosquito feeding, 0.1 mL blood were obtained from the jugular vein of each chicken and handled as describe above to determine the viremia at the time of mosquito feeding. After exposure to the viremic chickens, engorged mosquitoes were transferred to 3.8-L screen-topped cardboard cages held at 26 C with a 16:8-hour (light:dark) photoperiod. After an incubation period of 15 to 18 days, the mosquitoes were allowed to refeed on 1-to 2-day-old chickens either individually or in groups of three to five mosquitoes to determine if they could transmit virus by bite. Immediately after the transmission attempt, the mosquitoes were killed by freezing and identified to species. The feeding status was determined, and their legs and bodies were triturated separately in 1 mL diluent. Infection was determined by recovery of virus from the mosquito tissue suspension. If virus was recovered from its body but not its legs, the mosquito was considered to have a nondisseminated infection limited to its midgut. In contrast, if virus was recovered from both the body and leg suspensions, the mosquito was considered to have a disseminated infection. 13 We defined the infection and dissemination rates as the percentages of mosquitoes tested that contained virus in their body and legs, respectively. Chickens used in the transmission attempts were bled from the jugular vein 2 days after mosquito feeding, and the blood was handled as described above. Recovery of virus from this blood indicated transmission.
To more efficiently examine virus transmission, unfed mosquitoes from Thailand were inoculated intrathoracically 14 with 0.3 μL virus preparation containing 10 4.2 PFU TMUV/mL (10 0.7 PFU/mosquito) and held for 9 days before being allowed to feed on 1-to 2-day-old chicks. Mosquitoes and blood specimens from these chicks were processed as described for the orally exposed mosquitoes. We used the modified Wald method of calculating 95% confidence intervals (95% CIs; http://www.measuringusability.com/wald.htm). 15 Laboratory sequencing and phylogenetic analysis. RT-PCR amplification products (approximately one-half of the PCR reaction; about 15 μL) from positive mosquito pools were purified using a Qiaquick PCR Purification Kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's instructions. Automated sequencing was performed using an ABI 310 genetic analyzer with a Big-Dye 1.0 Sequencing Kit (PE Biosystems, Inc., Foster City, CA) according to the manufacturer's instructions. Primer, excess nucleotides, and buffer were removed from the Big-Dye sequencing reaction by eluting the material from a Sephadex G-50 (GE Healthcare Biosciences, Inc., Piscataway, NJ) column equilibrated with water. Sequences were aligned using the MegaAlign program (Lasergene analysis software; DNASTAR, Inc., Madison, WI), and sequence ends were trimmed to a uniform length. Phylogenetic analysis was conducted according to the work by Kondig and others 16 using the Clustal W program of Megalign to calculate bootstrap values with a default setting of 1,000 trials (iterations) and a seed value of 111.
RESULTS
Isolation of TMUV from field-collected mosquitoes and duck sera. During May of 2002, 2,994 female mosquitoes were captured in traps set around Kamphaeng Phet and sorted to species in the field. Of 183 pools that were tested for the presence of flavivirus RNA, 1 pool of Cx. vishnui tested positive for JEV, and 2 pools of Cx. vishnui (N = 2,326 Cx. vishnui/118 pools) tested positive for flavivirus and negative for JEV and DENV. They were identified as TMUV (see below). From the Kong Mong Tha-Sangkhlaburi field site, 2,229 female mosquitoes were collected and sorted by species into 258 pools. No flavivirus RNA was detected in these mosquito pools; however, only 90 Cx. vishnui/seven pools were collected at this site. Also, lower numbers of Cx. tritaeniorhynchus (the principle vector of JEV) were collected from these sites: 354 mosquitoes/20 pools for Kamphaeng Phet and 481 mosquitoes/30 pools for Kong Mong ThaSangkhlaburi compared with historical collections. 2 The minimum infection rate (MIR) for TMUV-infected Cx. vishnui was calculated as 0.9. Additionally, three TMUV isolates were identified during a subsequent visit to Kamphaeng Phet, Thailand, in March of 2008 from 442 pools (11,009 mosquitoes; MIR = 0.3) of Cx. tritaeniorynchus mosquitoes (unpublished data) compared with no isolations from Cx. vishnui (69 pools and 1,641 mosquitoes).
During the serological study in January and February of 2002 in Sangkhlaburi, Thailand, serum samples from sentinel animals (ducks, cows, pigs, and chickens) were collected, passed in C6/36 cells, and assayed for the presence of different viruses. Seven serum samples collected from ducks that were then passed three to four times in C6/36 cells were identified as containing an unknown virus. We tested these cell culture supernatants by RT-PCR; we found that four cell culture supernatants contained TMUV RNA and that three cell culture supernatants contained JEV RNA. No viruses were detected in C6/36 cell culture-passed cow, pig, or chicken sera.
Laboratory sequencing and phylogenetic analysis. To verify the identity of the flavivirus found in the mosquitoes, the mosquito homogenates were passaged in C6/36 cells. After 3-5 days, viral RNA was easily detected by RT-PCR in filtered supernatants, and supernatant applied to Vero cell monolayers produced plaques in a standard plaque assay. Sequencing a 160-bp portion of the ns5 gene from the two TMUV isolates, Thai-MLO305 and Thai-JSL385, showed a 97.5% nucleotide identity between them and a 91.2% and 90.6% nucleotide identity, respectively, with TMUV strain THCAr ( Figure 1A) . However, all three viruses encoded identical amino acid sequences corresponding to the respective ns5 gene fragment ( Figure 1C ). An additional comparison of an 866-bp segment of the envelope gene revealed a nucleotide identity of 97.1% between the two mosquito isolates and a nucleotide identity of 89.2% and 89.0%, respectively, with TMUV strain MM1775 ( Figure 1B ). For this envelope fragment, the mosquito isolates' amino acid sequences were 99.0% identical and 97.2% and 97.6% identical to both Sitiawan virus and TMUV strain MM1775, respectively ( Figure 1D ). Both mosquito isolates were also similarly related to the duck TMUV strain BYD-1 at 91.2% for the ns5 gene fragment (100% amino acid identity) and 89.9% for the envelope gene segment (95.5% amino acid identity with strain Thai-MLO305) (Figure 1) .
Of seven sentinel duck serum samples from western Thailand that were passaged in C6/36 cells, four tested positive for TMUV RNA using RT-PCR. Laboratory sequence analysis confirmed the presence of the virus in the cell culture-passed sera. Phylogenetic analysis of TMUV strain AFRIMS-D129-014/157 and TMUV strain AFRIMS-D099-014/161 showed a nucleotide identity of 100% for the ns5 gene fragment and a nucleotide identity of 99.5% for the envelope gene segment (100% amino acid identity) between the two isolates ( Figure 1) . Comparison of TMUV strain AFRIMS-D099-014/161 with the mosquito isolate TMUV strain Thai-MLO305 revealed a 97.5% nucleotide identity with the ns5 gene fragment and a 97.0% nucleotide identity with the envelope gene segment compared with 90.0% and 90.7% nucleotide identities, respectively, with TMUV strain MM1775. As with the mosquito isolates, the duck serum isolates were similarly identical to the duck TMUV strain BYD-1 at 90.0% for the ns5 gene fragment (100% amino acid identity) and 90.6% for the envelope gene segment (96.5% amino acid identity with strain AFRIMS-D099-014/161) (Figure 1) .
Overall, the phylogenetic analysis showed that the mosquito TMUV isolates grouped with the duck serum TMUV isolates and a historical isolate from Thailand and that this grouping was distinct from historical TMUV isolates from Malaysia and the newly isolated duck TMUV from China (Figure 1) .
Viremia profile studies and vector competence results. The chickens that were less than 1 day old when inoculated with TMUV (strain Thai-MLO305) developed a peak viremia with a mean titer of 10 6.4 PFU/mL on day 4 after inoculation, and all died by day 6. Chickens that were 1 day old when inoculated with virus developed one of two disease courses. About one-half of these chickens developed a peak viremia of about 10 6.4 PFU/mL and died by day 7, whereas one-half of these chickens developed a peak viremia of 10 5.6 PFU/mL and survived the infection. Chickens inoculated when 3 or 5 days old produced a similar pattern to 1-day-old chickens that survived with a peak mean viremia of about 10 5.5 PFU/mL, and all survived the infection.
Viremia in the chicks used to expose mosquitoes to TMUV ranged from 10 4.5 to 10 7.6 PFU/mL blood. Nearly all of the specimens tested were Cx. vishnui, which were highly susceptible to infection with TMUV at all of the doses tested, with 94% of all of the specimens becoming infected if fed on a chicken with a viremia 10 5.5 PFU/mL (Table 1) . Not only were infection rates high but at least 84% of the infected mosquitoes had a disseminated infection at each of the exposure doses. Every chicken fed on by either a Cx. vishnui with a disseminated infection (n = 1 single mosquito, two pools of two mosquitoes, and one pool of five mosquitoes) after oral exposure or a Cx. vishnui that had been inoculated with TMUV (N = 4) was infected with TMUV. Therefore, Cx. vishnui was not only highly susceptible to infection, but it also readily transmitted TMUV. In contrast, Cx. fuscocephala did not seem to be a competent vector of TMUV. Although sample sizes were very small, zero of one (0%) and one of two (50%) of those chickens that were fed upon with a viremia of 10 4.5
-10
5.6 PFU/mL, respectively, became infected. Also, none of five Cx. fuscocephala that had been inoculated with TMUV transmitted virus when fed on susceptible chickens, indicating the presence of a salivary gland barrier. 17 
DISCUSSION
This work is the first demonstration of the ability of TMUV to replicate in and be transmitted by a mosquito. In nature, TMUV has been associated primarily with members of the Cx. vishnui subgroup. 2, 3 This group includes Cx. vishnui and Cx. tritaeniorhynchus, which are morphologically very similar and both considered important vectors of JEV. 18 We also evaluated the potential of Cx. fuscocephala to transmit TMUV. All three mosquito species like to remain outdoors and breed in groundwater (puddles, rice paddies, ponds, and ditches); they prefer to feed on cows and then on pigs, but they will feed on humans, wild birds, and poultry (domestic chickens, turkeys, and ducks) based on host abundance. 5, [18] [19] [20] [21] [22] Although Cx. vishnui prefers to feed on cattle, they will feed on birds to a greater extent than will Cx. tritaeniorynchus.
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Our observations are consistent with the report by Leake and others 2 detailing the identification of TMUV in Thailand in Cx. tritaeniorynchus (MIR = 0.04), Cx. vishnui (MIR = 0.2), and Cx. gelidus (MIR = 0.1). Taken together, the data presented here extend the role of Cx. vishnui in the sylvatic and urban transmission cycles involving TMUV and wild and domestic avian hosts in Thailand and support the previous observation that TMUV uses birds as hosts and Cx. vishnui subgroup in their transmission cycle in Malaysia. 5 Because both Cx. vishnui and Cx. vishnui subgroups prefer to feed on large animals and not humans, this finding may explain why very few individuals have seroconverted to this virus. [5] [6] [7] [8] Although TMUV may not be currently causing a recognized disease in humans, the possibility exists that this virus may emerge as a human pathogen. 23 This lack of recognition may be because of illnesses caused by infection with TMUV being attributed to either DENV or JEV, two other flaviviruses found in the same area, and it is complicated by the crossreactivity of serologic testing among these flaviviruses. This risk that TMUV might cause human illness is enhanced, because it has been reported to cause encephalitis in nonhuman primates. 24 Despite TMUV not being recognized as causing disease in humans (or poultry in Thailand, although TMUV was isolated from ducks from Thailand), TMUV has had a significant impact on the duck industry in China (first recognized in April of 2010), with reports of an approximately 90% drop in egg production and 5-30% mortality in the birds. 9, 11, 25 Phylogenetic analysis of the TMUV strains isolated from the Thai ducks and mosquitoes indicates that they are closely related to the duck TMUV from China and may be causing an unrecognized morbidity and mortality in Thailand in wild birds and poultry, because infection of leghorn chicks with TMUV strain Thai-MLO305 caused growth retardation and death in young chickens. This effect was also noted previously for Sitiawan virus (a strain of TMUV, although it was originally named differently) and its consequence on broiler chicks. 10 The data presented here also support the role of mosquitoes in the spread of duck TMUV in China in addition to the possible oral route of spread as described for sparrows in China. 21 Although TMUV has not emerged as a recognized disease in humans or animals in Thailand, continuous surveillance will be necessary to prevent economic losses caused by the emergence of a more virulent TMUV strain.
